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E-mail address: ssato@nimr.mrc.ac.uk (S. Sato).The nuclear genome of the human malaria parasite Plasmodium falciparum encodes a homolog of
the bacterial HU protein (PfHU). In this study, we characterised PfHU’s physiological function. PfHU,
which is targeted exclusively to the parasite’s plastid, bound its natural target – the plastid DNA –
sequence-independently and complemented lack of HU in Escherichia coli. The HU gene could not
be knocked-out from the genome ofPlasmodium berghei, implying that HU is important for the par-
asite’s survival. As the human cell lacks the HU homolog, PfHU is a potential target for drugs to con-
trol malaria.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction In the plastid, genomic DNA is assembled into a compact, highlyApicomplexan parasites such as the human malaria parasite
Plasmodium falciparum have a vestigial secondary plastid that is of-
ten called the apicoplast [1]. Despite being non-photosynthetic, the
apicomplexan plastid is indispensable for the parasite because the
organelle is involved in essential metabolism such as isoprenoid
biosynthesis [2]. The P. falciparum plastid contains its own genomic
DNA which is 35 kb in size and extremely rich in A + T (86%) [1].
Almost all proteins encoded by the plastid DNA (ptDNA) are in-
volved in either transcription or translation. Nevertheless, the plas-
tid genome encodes at least one gene whose expression is critical
for the parasite’s survival, and drugs affecting bacterial type gene
expression often cause the delayed death phenotype of the parasite
[3].chemical Societies. Published by E
ding protein; ptDNA, plastidorganised structure, the nucleoid [4], like in bacteria from which
the plastid has evolved. Bacterial nucleoid formation depends on
a group of bacterial histone-like DNA binding proteins (BHLs).
The HU protein, which binds DNA in a sequence non-speciﬁc man-
ner and bends the bound DNA, is the most abundant BHL in the
bacterial cell [5]. Escherichia coli HU is a heterodimer of two highly
homologous subunits HUa and HUb, which are encoded by hupA
and hupB, respectively [6]. HU is ubiquitously distributed among
bacteria and this suggests that the protein is critical in bacterial
nucleoid formation. In addition to an architectural role, HU is also
involved in other cellular functions such as initiation of replication
[7], transcriptional regulation [8] and DNA recombination [9] in
E. coli.
Although the plastids of the photosynthetic eukaryotes are
descendents of bacteria, their original, bacterial components have
been gradually replaced to eukaryotic factors of equivalent func-
tion during the course of evolution. Today, the plastid HU homolog
is only found in some algal species and apicomplexans [4]. The al-
gal HUs such as those of Cyanidioschyzon merolae [10] and Guillar-
dia theta [11] are capable of rescuing bacterial HU null mutantslsevier B.V. All rights reserved.
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which it binds [11], suggesting that this protein is critical in the
formation of the nucleoid in this alga’s plastid.
Recently, Ram et al. reported that the nuclear genome of P. fal-
ciparum encodes a HU homolog (PfHU) that is probably involved in
DNA compaction in the plastid [12]. They found PfHU doesn’t exhi-
bit the DNA-bending activity in vitro and attributed this to the fact
that the protein lacks the highly conserved proline residue at the
position corresponding to P63 of E. coli HUa.
In this study, we investigated how PfHU binds the plastid DNA,
whether the protein complements lack of HU in an E. coli null mu-
tant, and whether HU protein is essential in the related rodent ma-
laria parasite P. berghei, in order to characterise the physiological
function of PfHU.
2. Materials and methods
2.1. DNA-mobility shift assay
The Recombinant PfHUs, PfHU53-189 and PfHU53-148 were
prepared as described in Supplementary material. DNA fragments
A1280, A1838, B1624 and B1880 were PCR-ampliﬁed from the par-
asite’s ptDNA with a set of synthetic primers described by Singh et
al. [13]; AB1677 was ampliﬁed with 50-CTTTATATGGAGCTCGTCCT-
30 and 50-CTGATTTATTACCTGTTGGT-30. Fifty nanograms of each
DNA fragment was incubated with each recombinant protein (0,
50, 100, 200, 400, and 800 ng) in the reaction buffer (20 mM
Tris–HCl, pH 7.5, 0.4 mM EDTA, 20 mM NaCl, 0.4 mM DTT) for
3 h at room temperature before application to a 1% agarose gel
and electrophoresis, then the gel was stained with ethidium
bromide.
2.2. Complementation test
The hupB::Kmr locus of the HUb- E. coli strain JR1671 was trans-
duced to the HUa- strain JR1670 carrying hupA::Cmr to generate a
hupAhupB double mutant by P1 transduction [14]. A pQE50 (Qia-
gen)-base expression plasmid encoding PfHU53-189 without an
afﬁnity tag was constructed and the hupAhupB double mutant
was transformed with a plasmid expressing the recombinant pro-
tein. The transformant was grown on LB supplemented with 50 lg/
ml kanamycin and 50 lg/ml ampicillin. Neither chloramphenicol
nor IPTG was added to the growth medium because the double
mutant was sensitive to chroramphenicol [14] and the excess
induction of PfHU53-189 was harmful for growth of the bacteria
(data not shown).
2.3. Knock-out of the nuclear gene of Plasmodium berghei
To disrupt the HU gene of P. berghei (PB000792.02.0) through
double-crossover homologous recombination, the plasmid
pPbHU-KO was constructed from pBS-DHFR [15] following the
method used to construct another targeting plasmid pPbGCS1-
KO, which was successfully used to knock-out the GCS1 gene of
the parasite [16] (details in Supplementary material). P. berghei
ANKA clone 2.34 was separately transfected with pPbGCS1-KO or
pPbHU-KO by electroporation, and recombinant parasites were se-
lected with pyrimethamine.3. Results
3.1. PfHU binds the plastid DNA sequence-independently
Ram and colleagues reported that PfHU exhibits the DNA bind-
ing activity that is predictable from the presence of a complete BHLdomain in the protein [12]. They also reported that PfHU is local-
ised to the plastid [12]. We conﬁrmed the plastid-speciﬁc location
of the protein by immuno-ﬂuorescence microscopy using the anti-
PfHU antibody (Supplementary Fig. S1). Therefore, the organellar
genomic DNA in the plastid is the only natural target of the binding
of PfHU. Ram and colleagues carried out chromatin immuno-pre-
cipitation (ChIP) assays and suggested that PfHU binds at least part
of the organellar DNA [12], but no further analysis has been done.
Thus, in order to characterise the physiological function of PfHU in
detail, we analysed the protein’s binding to different parts of the
ptDNA by DNA-mobility shift assay using the recombinant protein.
Transfection experiments using yellow ﬂuorescent protein
(YFP) fused to Met1-Met82 of PfHU (PfHU-YFP) showed that the
N-terminal sequence functions as the plastid targeting sequence
(Supplementary Fig. S2). We prepared two differently truncated
forms of the recombinant PfHU, PfHU53-189 and PfHU53-148;
PfHU53-189 lacks the N-terminal unconserved sequence (M1-
I52) whereas PfHU53-148 contains only the BHL domain
(Fig. 1A). The apparent molecular mass of PfHU53-189 determined
byWestern blotting is almost the same as the natural PfHU present
in the parasite (Supplementary Fig. S3). This suggests that the
unconserved N-terminal sequence is removed from the mature
form of PfHU, which is almost the same as PfHU53-189, when
the protein is targeted to the plastid.
For this analysis, we selected ﬁve different regions of the ptDNA
(Fig. 1B). Four of them – A1838, A1820, B1624 and B1880 – were
chosen from those described in the previous report by Singh et al
[13], as they are in close proximity of the DNA replication initiation
sites (A1820), protein coding regions with tRNA genes’ cluster
(B1624 and B1880) and a part of a protein coding gene (A1838),
respectively. In addition, another region AB1677, which contains
the ends of both the two gene clusters, was selected as it is sup-
posed to be important in termination of transcription.
A PCR fragment of each region was incubated with PfHU53-189
and separated by agarose gel electrophoresis (Fig. 1C). The result
clearly showed that the protein affected the mobility of all the ﬁve
fragments. Shift of the band was apparent even at a protein/DNA
mass ratio = 1 but it was much more prominent when the ratio
was higher. The protein added at the same mass ratio affected
the mobility of each fragment equally. This indicates that
PfHU53-189 binds these ﬁve DNA fragments regardless of their
size and nucleotide sequence. This suggests that PfHU binds the
ptDNA sequence without speciﬁcity.
Another experiment with PfHU53-148, which consists of only
the BHL domain of PfHU, showed that this shorter form also binds
the ptDNA sequence-independently, though the protein’s afﬁnity
for each fragment seemed to be lower than that of PfHU53-189
(Fig. 1D). This implies that the BHL domain is sufﬁcient for PfHU
to bind the DNA and the unique C-terminal sequence stabilises
the DNA–protein complex.
3.2. PfHU complements the HU-deﬁcient E. coli mutant
Although neither of the two genes (hupA and hupB) encoding
the two subunits of HU is essential for the survival of E. coli on
LB at 37 C, hupAhupB double mutants exhibit characteristic phe-
notypes such as ﬁlamentous morphology and sensitivity to the
cold [17]. To characterise the function of PfHU further, a hupAhupB
double mutant strain was transformed with the expression plas-
mid for PfHU53-189 and the effect of the expressed recombinant
protein on the mutant’s phenotypes investigated.
Unlike the HU+ parent strain JR1669 that is short and homo-
geneous in size, the hupAhupB double mutant exhibits a character-
istic ﬁlamentous phenotype (Fig. 2A). On the LB plate, the mutant
forms visible colonies at 37 C, but no visible colony is formed
at 25 C (Fig. 2B). By contrast, the transformants expressing
Fig. 1. PfHU binds the plastid DNA sequence-independently. (A) PfHU and its two recombinant forms. The BHL domain corresponding to the E. coli HU subunits is boxed. (B)
Map of the plastid DNA of P. falciparum. The position of each DNA fragment used in the DNA-mobility shift assay is indicated outside the map. (C and D) DNA mobility shift
assay. C, PfHU53-189; D, PfHU53-148. Note that the mobility of all fragments tested was similarly affected by each recombinant PfHU. The number of base pairs per one
molecule of PfHU is 26 (PfHU53-189) or 18 (PfHU53-148), when the mass ratio of the protein to DNA is 1.
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Fig. 2. PfHU complements the lack of HU in E. coli. (A) Phase-contrast micrographs
of the HU+ strain (a), the hupAhupB mutant (b), the hupAhupB mutant expressing
PfHU53-189 (c) and the hupAhupB mutant carrying pQE50 (d). Scale bar: 5 lm.
Inset, magniﬁed view. Scale bar: 1 lm. (B) Growth of bacteria on LB plate at
different temperature. Bacteria in each sector (a–d) were as in A. Each plate was
incubated for 20 h (37 C) or 40 h (25 C).
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parent strain (Fig 2Ac), and capable of forming robust colonies on
the LB plate at both the permissive (37 C) and the restrictive
(25 C) temperatures (Fig. 2B). The presence of the expression vec-
tor itself did not affect either the ﬁlamentous- or the cold-sensi-
tive-phenotype of the double mutant. These results suggest that
the PfHU53-189 functionally complements the deﬁciency of HU
of the hupAhupB strain.
3.3. The HU gene is important for survival of the malaria parasite
Not only P. falciparum but other Plasmodium spp. have one gene
for HU in the nuclear genome; for example, PB000792.02.0 (PbHU)
is the gene of the rodent malaria parasite P. berghei. Plasmodium
HUs are closely related to each other and the sequence alignment
suggests that each Plasmodium HU has a plastid targeting sequence
at the N terminus (Supplementary Fig. S4). This implies that all
these Plasmodium HUs share the same physiological function(s).
To investigate the importance of HU for Plasmodium spp., we con-
structed a targeting plasmid pPbHU-KO from pBS-DHFR [15] and
attempted to disrupt the HU gene of P. berghei with the plasmid.
Although the control experiment with a sister pBS-DHFR-based
plasmid pPbGCS1-KO [16] easily generated the PbGCS1 gene dis-
ruptant, we never obtained the PbHU knockout parasite in several
repeated trials. This suggests that the PbHU locus is essential for
the parasite’s survival at least during the asexual blood stage,
and that the gene is also indispensible for the survival of other spe-cies such as P. falciparum. Probably the HU protein encoded by the
gene is important for the function and/or maintenance of the
ptDNA of Plasmodium spp., though another possibility that the
manipulation of this particular locus adversely affects the expres-
sion of other important genes [18] has not been ruled out yet.
4. Discussion
PfHU is a plastid protein and our mobility shift assay conﬁrmed
that PfHU’s direct binding to the parasite’s ptDNA is sequence-
independent. These data imply that PfHU is involved in the assem-
bly of the nucleoid in the plastid as an architectural protein. The ﬁl-
amentous phenotype of the E. coli hupAhupB mutant is attributed
to perturbed expression of speciﬁc cell division genes [19] whereas
the cold-sensitive phenotype of the mutant can be caused by
unstable binding of DnaA to the binding sites in the chromosomal
replication origin oriC [6,20]. Thus, data obtained by our comple-
mentation test suggest that PfHU adjusted the expression of genes
determining bacterial shape and promoted initiation of chromo-
some replication by stabilising DnaA’s binding to oriC in E. coli. It
is questionable whether the Plasmodium plastid and E. coli share
the same regulation systems for either gene expression or chromo-
some replication, but our data suggest that PfHU is capable to
exhibits sequence-speciﬁc functions presumably by changing the
architectural structure of ptDNA in the plastid.
The HU gene was impossible to knock-out from the genome of
P. berghei, strongly suggesting that the HU gene is also likely indis-
pensible for the survival of P. falciparum. Although it is hardly
known how gene expression and replication of the organellar
DNA are regulated in the Plasmodium plastid, PfHU is possibly in-
volved in such sequence-dependent events in addition to general
maintenance of ptDNA. Because a HU ortholog is absent from the
humans, PfHU should be a promising target of the controlling
drugs against malaria.
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